Abstract: Blends of polyamide 12 (PA12) and liquid polybutadiene (HTPB) compatibilized with pyromellitic anhydride (APy) were prepared by melt blending. 10%, 12% and 20% HTPB blends were prepared, with various amounts of APy. The influence of the amount of APy on the morphology of the blends was studied for a wide composition range in the 12% series. Injection moulded tensile and Charpy testing bars were prepared from 10% and 20% binary and compatibilized blends. The deformations of the matrix under room temperature impact and the morphology of the blends were investigated with scanning electron microscopy. Partial miscibilization of HTPB with PA12 due to the addition of APy was postulated to explain the disappearance of polybutadiene in some cases. The mechanical properties of the blends were correlated with morphological parameters. A strong correlation between impact fracture toughness and the amount of non-miscible HTPB was found.
Introduction
In the past decades there has been a constant interest in studying the enhancement of impact properties of polyamides , since these are polymers showing very good mechanical properties but a relatively low resilience due to a poor resistance to the propagation of an existing crack under impact. An enhancement of the impact properties of a thermoplastic material is generally obtained trough blending with a lower modulus polymer. This second polymer is thus dispersed as spherical particles in a continuous matrix of the polymer to be modified. The materials thus obtained generally exhibit enhanced impact properties combined with bulk mechanical properties (e.g., modulus) quite equivalent to those of the original polymer.
Such materials can be either binary blends [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] or compatibilized blends [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] . The preparation of binary blends was discussed in a former paper [66] . Compatibilized blends are blends to which a third component is added that is usually a blockcopolymer, the blocks of which show good compatibility one towards the continuous a Parts 1 and 2: cf. refs. [66, 67] . 1 phase and the other towards the dispersed particles. The different ways of compatibilizing a polymer blend were exposed elsewhere [67] .
Impact toughened blends are usually obtained through melt blending of a 'brittle' thermoplastic matrix (here PA12) and a soft phase. The latter often consists of an elastomer (EPDM, EPR, …) [1] [2] [3] [4] [5] [6] [7] [8] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] 35, [47] [48] [49] [50] [51] [54] [55] [56] , or of a polyolefin [3, 7, [29] [30] [31] [32] [33] [34] [41] [42] [43] 46, [57] [58] [59] [62] [63] [64] [65] . The impact modifier itself may be a multiphase material [9] [10] [11] [26] [27] [28] [29] 35, 39, 40, 52] . For binary blends, the size of the dispersed particles depends mostly on the viscosity ratio of the two phases during melt blending, on processing parameters such as shear rate or processing time and on the weight ratio of the phases [1, 4, 21, 56, 67] .
Liquid rubbers, or more precisely liquid oligomer rubber precursors, happen to be used as a soft phase for the toughening of thermosets, especially epoxy resins [68, 69] , vinyl ester resins [70] , polyurethanes [71, 72] or crosslinked polystyrene [73] . In those cases, this oligomer is incorporated in the resin as a bigger comonomer. The curing process leads to a phase separation, the soft rubbery phase being dispersed in a harder matrix.
In this study, we chose to use such a liquid oligomer precursor, HTPB, instead of a ready-made elastomer, for the toughening of a brittle thermoplastic. We already showed [66] that this polybutadiene is easily dispersible in PA12, and that good dispersions can be obtained for binary blends that proved to exhibit improved impact properties. However, the choice of HTPB was mostly due to its functionality that enables reactive compatibilization in the case of the compatibilized blends. The compatibilization route chosen here consists in the addition of a small difunctional molecule during blending, the functions of which are likely to react with both the amine end groups of PA12 and the hydroxyl functions of HTPB. Pyromellitic anhydride (APy) was chosen as a compatibilization precursor. In a previous paper [67] , we discussed the fact that this process leads indeed to the formation of a compatibilizing copolymer of polyamide and polybutadiene that enables to obtain blends with dispersions finer than in the case of binary blends of PA12 and HTPB. We also showed that finer dispersions of polybutadiene in the PA12 matrix were obtained when APy was added to the blend once HTPB is already dispersed in PA12.
In this last paper of the series, blends of PA12 and HTPB compatibilized by pyromellitic anhydride were prepared. Their morphology and properties were investigated, and compared to those of binary blends. The relations between the morphology and the impact properties of the blends were investigated.
Results and discussion

Investigation of the effect of anhydride content on the viscosity of the blends
Six blends were prepared, with 10 or 20% HTPB and different α ratios (α being the ratio of anhydride functions to amine end groups). The composition and the mixing procedure for each blend are given in Tab. 5 (cf. Exptl. part). The mixing curves were recorded and are presented in Fig. 1 and Fig. 2 .
The curves of binary blends B10 and B20 exhibit a decrease of the torque after addition of HTPB, followed by an increase up to a levelling off. The higher the amount of added HTPB, the lower the plateau torque. Such a curve is typical of the absorption of a liquid in a molten thermoplastic. In the case of compatibilized blends, the addition of APy as a solid powder leads to a peak of the torque. After dispersion 2 and solubilization of APy, the torque goes back to its former plateau, and then the torque, and hence the viscosity of the mixture, increases significantly. The higher the amount of APy, the more drastic the increase of the torque. An exception to this last rule is blend B10A8 that exhibits quite the same evolution as blend B10A6. The evolution of the torque is related to the chemical reactions occurring in the blend during processing. In the case of those compatibilized blends, four competitive reactions can occur. Three of them are supposed to imply an increase of the torque (i.e., copolymer formation, chain extension or crosslinking of HTPB and PA -PA coupling), whereas the last reaction, i.e., chain scission of PA12, leads to a decrease of the torque [67] .
It can therefore be assumed that the excess anhydride, far from leading to chain scission reactions, widely leads to viscosity enhancing reactions. The exception of blend B10A8 can be explained thanks to the α and β values listed in Tab. 1. In each other compatibilized blend, α is high but β is highly inferior to 1. These values mean that, even if there is a huge excess of anhydride functions in comparison to the amine end groups of PA12, APy is in fact not in excess when all the reactive functions (i.e., including the hydroxyl groups of HTPB) are considered. Therefore, all the anhydride functions are likely to react with either amine or hydroxyl functions, and the probability of the chain scission reaction is very low. In the case of blend B10A8, the anhydride functions are still not in excess, but β is much closer to 1. Since the reactions occur in a multiphase medium, such a high β can let us assume that APy may be in excess in the continuous phase, and therefore lead to chain scission reaction. If this reaction occurs to such an extent that it implies a significant decrease of the matrix viscosity, the torque increase will be less drastic as it would be expected. It can, therefore, be concluded that torque enhancement increases with increasing α up to a critical β. Past this critical β, chain scission and viscosity enhancing reactions occur simultaneously, and torque enhancement stops increasing. 
α-Dependence of the morphology of compatibilized blends
It was often described in the literature that the morphology of compatibilized blends is independent of the amount of compatibilizer past a critical value. In our system, the real amount of added compatibilizer is not really known. Indeed, even if the formation of a compatibilizer after the addition of APy was undoubtedly shown [67] , it is not known which fraction of APy really leads to copolymer formation, since other reactions are likely to occur (PA -PA coupling and chain extension or crosslinking of HTPB). However, we tried to investigate the effect of the amount of added APy on the morphology of the compatibilized blend. Since the compatibilizing efficiency of APy (i.e., the number of copolymer chains formed per APy molecule)
is not yet quantitatively known, the morphological parameters are correlated with α, and not with the amount of compatibilizer. Several 12% HTPB blends with different α ratios were prepared. Tab. 2 summarizes α for those blends, the composition of which are given in Tab. 5. After mixing and cooling, the blends were cryofractured, and their morphologies were examined by scanning electron microscopy (SEM). The micrographs thus obtained are shown in Fig. 3 . 
(g) It is obvious by simple visual observation of the micrographs that the mean size of the dispersed particles decreases with increasing α. Thanks to image analysis, the average particle diameters were calculated and are plotted in Fig. 4 . Whatever the amount of added anhydride, the average particle size in those blends is lower than it is for a binary blend (α = 0). This is due to the presence of a compatibilizing polymer, the formation of which was discussed elsewhere [67] . In the first four blends (α < 6), rather big particles of about 2 µm can be observed as well as finer particles of less than 1 µm. With increasing α, the size of the big particles decreases, and the number of the small particles increases. However, the size of the small particles tends to remain the same. This visual impression is confirmed by the evolution of the curves in Fig. 4 , where it can be seen that the weight-average diameter decreases faster than the number-average diameter. For the last three blends where no big particles can be observed, the average diameter tends to remain constant with increasing α. Another morphological parameter, S%, was determined. S% stands for the cumulative fraction surface area of the dispersed particles on a micrograph. The value of S% should be statistically close to the percentage of HTPB introduced in the blend, i.e., 12% for this series of blends. S% is plotted against α in Fig. 5 . It can be seen that as long as there are big particles (i.e., α < 6), all the introduced HTPB is visible as spherical particles in the blend. However, for high α blends, S% decreases significantly. This means that part of the HTPB can no longer be observed after blending. This effect could be attributed to a diminution of the particle size such that they are too fine to be noticed on the micrographs, but this hypothesis is invalidated by the fact that no finer particles can be observed on the same samples with higher magnification, as it can be seen on the micrographs of blend B12A7 in Fig. 6 .
That 'disappearing' of a fraction of the HTPB shall therefore be attributed to other reasons. It can be supposed that past a certain proportion of APy the formation of a triblock copolymer PA-b-PB-b-PA can occur instead of the expected single coupling of PA with HTPB leading to a diblock compatibilizer PA-b-PB. Because of the relative lengths of each block, such a triblock is very likely to be fully miscible with the PA12 matrix. Hence, a fraction of HTPB would be properly dissolved in the matrix and can therefore not form disperse particles. 6 
Mechanical properties of compatibilized blends
Charpy and tensile testing bars were injection moulded from 10% and 20% HTPB binary and compatibilized blends.
Room temperature impact behaviour of the blends Tab. 3 shows the macroscopic deformations undergone by the samples under room temperature notched Charpy impact tests. The deformations occurring in the material during the impact, promoted by the dispersed particles, result macroscopically in a stress whitened zone on the fracture surface. Such a whitened zone is not observed on neat PA12, which breaks in a brittle way. In binary blends, it appears that the whitened zone is large. The fracture surface of B20 is even entirely whitened. The whitening decreases in the compatibilized blend. Image analysis led to the evaluation of W%, the fraction surface area of the stress-whitened zone, which is plotted against α in Fig. 7 . Since the whitening is due to the deformations (crazing) of the matrix and the cavitation of the particles, those macroscopic observations show that the APy compatibilization unexpectedly leads to a diminution of the energy dissipating deformation mechanisms.
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A microscopic study of the fracture surfaces leads to the same conclusion. Fig. 8 shows the fracture surfaces of blends B10, B10A4, B10A6, B20, B20A4 and B20A11.
For each blend, three micrographs show three areas of the fracture surface: one close to the notch (i.e., opposite to the impact zone), one in the core of the sample, and the third one close to the impact. The behaviour of the binary blends was already discussed elsewhere [66] . In both B10 and B20, the side opposite to the impact shows high deformations of the matrix as well as the bulk of B20. The core of blend B10 is not deformed and the fracture surface is the same as in the case of a cryofracture. The difference between B10 and B20 was attributed to a lower interparticle distance in the case of blend B20. The asymmetry observed for blend B10 can be explained. In a Charpy test, as well as in a flexural test, two types of solicitations are undergone by the sample. The side opposite to the impact is mainly submitted to tension, and the other side to compression. The tensile yield stress of a polymer is usually lower than its compressive yield stress [74] . The deformations are therefore easier on the opposite side, and it can be assumed that the compressive yield stress is reached in B20 but not in B10 in our testing conditions. Since those yield stresses are composition dependent in polymer blends, the compressive yield stress is indeed likely to be lower in B20.
Fig. 8. Fracture surfaces of room temperature fractured samples of blends B10 ( ), B10A4 ( ), B10A6 ( ), B20 ( ), B20A4 ( ) and B20A11 ( ) 9
Moreover, the mid plane between tensile and compressive behaviours depends on the ratio of the yield stresses [74] , and the front line is therefore likely to move when the composition of the blend varies.
As compatibilized blends are considered, one can notice that they underwent less deformation than the binary blends, despite the lower particle size. This has to be due to the observed disappearing of a fraction of HTPB. That fraction is indeed unable to promote matrix deformations, since it does not act as stress concentrator or crystallization nucleus, and is not either able to cavitate. That miscibilization of HTPB therefore makes it ineffective.
Impact toughness of the blends The macroscopic and microscopic evaluation of the deformations is confirmed by the resilience values obtained by notched Charpy tests ( Fig. 9 and Fig. 10 ). In the case of 10% blends (Fig. 9) , the toughness of the binary blend is no further enhanced by compatibilization. In the case of 20% blends (Fig. 10) , the compatibilization even leads to a decrease of the resilience. In any case, it should however be noticed that the fracture toughness of the blends is always higher than that of neat PA12, and that the 20% blends are all more resistant than the 10% blends.
The micrographs of Fig. 8 can help understanding why there is a difference between the 10% and the 20% blends. In B10, the matrix deformations are localized in the notch area. The diminution of the deformation phenomena, which could be attributed to a lower ability to cavitate of the smaller particles, therefore only affects this zone, and the resulting effect on fracture toughness is minimized. On the other hand, blend B20 undergoes bulk deformations generalized to the whole sample. The decrease, enhanced by miscibilization, therefore affects the behaviour of the whole sample, and implies a significant decrease of resilience. Since a soft phase is added to PA12, the Young's moduli of the blends are as expected inferior to that of neat PA12. Fig. 11 and Fig. 12 show the moduli of the different blends. For binary blends, the modulus decreases with increasing the amount of added HTPB. In the series of 10% blends, addition of APy leads to an increase of the modulus that therefore tends to be closer to that of neat PA12. In the 20% series, the modulus of the compatibilized blends is the same as that of the binary one.
The moduli of the blends result from many factors, including the weight fraction and the respective moduli of the two phases, but also several phenomena linked to the compatibilization. Indeed, one can expect that a finer dispersion, the formation of interfacial covalent bonding and a potential crosslinking of the dispersed particles should help enhancing the modulus. On the opposite, the miscibilization of HTPB should lead to a decrease of the modulus of the matrix, and therefore of the blend.
Correlations between morphological parameters and mechanical properties
The mechanical properties are closely linked to morphological parameters. Morphological and mechanical properties of all these blends are listed in Tab. 4. In Fig. 13 , the impact fracture toughness and the modulus of the blends are plotted against morphological parameters. n D , interparticle distance (ID) and S% were calculated by image analysis from SEM micrographs of cryofracture surfaces of the blends that are not reproduced here. It appears clearly that the resilience of the blends is strongly correlated with S%, whatever the proportion of introduced HTPB. This seems to mean that the key factor for toughness enhancement is here the amount of efficiently dispersed HTPB, regardless of the size and ID of the particles. Besides, a strong correlation can be observed (Fig. 14) between the deformation ability of the blends (that can be evaluated through the observed W%) and their mechanical properties (impact toughness as well as Young's modulus). Since there seems to be no morphological parameter connected to W% regardless of the amount of added HTPB (Fig. 15 ), it appears that the previously observed correlation between S% and the impact toughness is solely due to the fact that S% remains stable in the B10Ax series. Those observations are a good illustration of the complexity of the relationships between structure and properties in such systems, due to the multiplicity of the involved mechanisms. It therefore shows how illusory the quest for the determining factor can be.
Experimental part
Materials
The PA12 used in this study is a Rilsan 12 AECHVO supplied by ATOFINA ( n M = 20 000 g . mol -1 ). The polybutadiene is a PolyBd R45 HT, supplied by ATOFINA ( n M = 2800 g . mol -1 , 22% 1,4-cis double bonds, 56% 1,4-trans double bonds, and 22% vinyl double bonds [75] [76] [77] [78] [79] [80] ).
Processing of the blends and of pure PA12
Prior to blending, PA12 pellets and liquid HTPB were dried in a vacuum oven (80°C, 2 mm Hg) for at least 12 h in order to eliminate any residual water that could lead to chain scission of PA12 through hydrolysis reaction. The mixing chamber was preheated at 200°C and flushed with nitrogen. PA12 was introduced in the mixer, with the rotation rate of the blades fixed at 20 rpm. HTPB was introduced in the mixer after full fusion of the PA12 pellets, indicated by a stabilization of the torque. APy was added after further stabilization of the torque. The mixing chamber (40 cm 3 ) was continuously flushed with nitrogen during processing. The internal mixer used was a Brabender PL2000 Plasticorder. Several blends were prepared, the composition of which is given in Tab. 5. 
Morphological studies
The morphology of the prepared blends was studied with SEM. It was observed on either crude blends out of the mixer (12% series) or on injection moulded Charpy testing bars (other blends). The morphology was observed on cryofractured samples the surfaces of which were coated with gold. The deformations occurring in the test bars during room temperature fracture were also observed by SEM on gold-coated fracture surfaces.
The size and the number of dispersed particles were determined with ArcView GIS software. A shape recognition algorithm was used to isolate spherical dispersed particles, the diameters of which were calculated from the surface area. Then, the number-average diameter n D and the weight-average diameter w D were determined for each sample according to the following equations: 
Conclusion
The compatibilization of PA12 / HTPB blends with APy, even if it is efficient as far as the size of the dispersed particles is concerned, turned out to lead to blends that do not exhibit better impact properties than the binary blends. That unexpected phenomenon was attributed to a partial miscibilization of HTPB with the PA12 matrix through formation of a triblock PA-HTPB-PA copolymer. Besides, it was shown that the mechanical properties of the blends were strongly determined by the deformation ability of the matrix. Since these deformations result from a combination of mechanisms induced by several compositional and morphological parameters, it appears that no morphological parameter can be considered as a key factor, and that the quest for toughness enhancement will still be ruled by compromises. However, in our case, it appears that the compatibilized blends are a good compromise for impact toughening of PA12, since they exhibit better impact properties than neat PA12, and their Young's modulus is slightly enhanced when compared to that of the binary blends.
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